entry triggers a secondary increase in intracellular Cl À that is required for neuronal swelling and death. Pharmacological and siRNA-mediated knockdown screening identified the ion exchanger SLC26A11 unexpectedly acting as a voltage-gated Cl À channel that is activated upon neuronal depolarization to membrane potentials lower than À20 mV. Blockade of SLC26A11 activity attenuates both neuronal swelling and cell death. Therefore cytotoxic neuronal edema occurs when sufficient Na + influx and depolarization is followed by Cl À entry via SLC26A11. The resultant NaCl accumulation causes subsequent neuronal swelling leading to neuronal death. These findings shed light on unique elements of volume control in excitable cells and lay the ground for the development of specific treatments for brain edema.
In Brief
Neuronal swelling, the major cause of death in traumatic and ischemic brain injuries, is initiated when aberrant entry of sodium ions and depolarization activates the voltage-gated chloride channel, SLC26A11. The increase of cytoplasmic sodium and chloride causes an osmotic imbalance that leads to water entry and cytotoxic edema, a mechanism that could be targeted to prevent and treat brain edema.
SUMMARY Cytotoxic brain edema triggered by neuronal swelling is the chief cause of mortality following brain trauma and cerebral infarct. Using fluorescence lifetime imaging to analyze contributions of intracellular ionic changes in brain slices, we find that intense Na + entry triggers a secondary increase in intracellular Cl À that is required for neuronal swelling and death. Pharmacological and siRNA-mediated knockdown screening identified the ion exchanger SLC26A11 unexpectedly acting as a voltage-gated Cl À channel that is activated upon neuronal depolarization to membrane potentials lower than À20 mV. Blockade of SLC26A11 activity attenuates both neuronal swelling and cell death. Therefore cytotoxic neuronal edema occurs when sufficient Na + influx and depolarization is followed by Cl À entry via SLC26A11. The resultant NaCl accumulation causes subsequent neuronal swelling leading to neuronal death. These findings shed light on unique elements of volume control in excitable cells and lay the ground for the development of specific treatments for brain edema.
INTRODUCTION
Brain edema, the pathological hallmark of excitotoxic injury and traumatic brain injury (Donkin and Vink, 2010; Klatzo, 1987; Marmarou et al., 2006; Rosenblum, 2007) was first characterized by Klatzo (1967) as either vasogenic or cytotoxic. Cytotoxic brain edema is caused by water movement into the intracellular compartment of neurons and/or astrocytes leading to brain swelling, while vasogenic edema is due to water entry into the brain from the vasculature (Klatzo, 1967) . Excitotoxic swelling of cultured neurons is known to involve influx of both Na + and Cl À , although the influx pathway(s) for Cl À remain obscure (Choi, 1987; Hasbani et al., 1998; Rothman, 1985) . The low resting Cl À permeability in neurons suggests that a Cl À channel or exchange mechanism must be activated for Cl À entry to occur at sufficient levels to increase cell volume and cause cytotoxic edema. In mature pyramidal neurons of the cortex and hippocampus, the equilibrium potential for Cl À (E Cl À ) is set more hyperpolarized to the resting membrane potential (E m ) by KCC2-mediated active transport of Cl À out of the cell against its electrochemical concentration gradient (Blaesse et al., 2009 ). As such, the Cl À influx required for cytotoxic neuronal edema occurs as a result of either the activation of a Cl À channel
that is not open at rest, or activation of a Cl À transporter.
Putative candidates for Cl À loading leading to swelling are the volume-regulated anion channel (VRAC), the Na + -K + -Cl À cotransporter 1 (NKCC1) and GABA-activated Cl À channels (Allen et al., 2004; Hasbani et al., 1998; Inoue et al., 2005; Pond et al., 2006) . In addition, there are several newly described Cl À channels and transporters that could also be important contributors to neuronal edema. Our experiments were designed to examine the interrelationship between neuronal volume, intracellular Na + concentration ( (Rahmati et al., 2013) . The identification of the principal pathway required for Cl À entry could potentially lead to novel targets and therapies for treating cytotoxic brain edema.
RESULTS

Increased Intracellular Sodium Triggers Neuronal Swelling
We first investigated whether increasing [Na + ] i was itself capable of triggering a cascade leading to an increase in cell volume and second whether this cascade also leads to rapid cell death. Two parallel and independent approaches were taken to increase [Na + ] i by either applying veratridine, which removes inactivation of voltage-gated sodium channels (VGSCs) (Strichartz et al., 1987) (30 mM), CNQX (20 mM) and picrotoxin (100 mM). Either veratridine or NMDA was rapidly applied by pressure ejection from a pipette positioned directly above the region of the brain slice that was imaged. To ensure the selectivity of either approach veratridine was applied with d-APV (100 mM) to block NMDARs and NMDA was applied with TTX (1 mM) to block VGSCs. Changes in [Na + ] i were monitored using the fluorescent Na + indicator CoroNa-Green (Meier et al., 2006) , which preferentially stains hippocampal and cortical neurons in brain slices (Figure 1A) . Astrocytes, which did not show any obvious volume changes under these experimental manipulations, were visualized using Sulforhodamine 101 (SR101) (Nimmerjahn et al., 2004) to provide landmarks to track during swelling of the tissue (red cells in Figures 1A and 1B Figure S1 ). However, as the function of many transporters and metabolic proteins that govern ion transport are temperature-dependent, we confirmed that increases in [Na + ] i equally cause swelling of neurons at 37 C ( Figure S1 ). Although an increase in Na + preceding swelling was consistently observed, the magnitude and duration of CoroNa fluorescence signals were distorted during cellular swelling due to dye dilution. This is consistent with our observations that swelling was associated with reduced fluorescence intensity of the inert dye, Calcein red-AM ( Figure S2 (Zeuthen, 2010) , in an attempt to achieve Gibbs-Donnan equilibrium (Glykys et al., 2014) . We therefore examined whether prolonged [Na + ] i increases were associated with a secondary influx of Cl À , and further whether Cl À entry was ultimately required for neuronal swelling. Using two-photon FLIM of the Cl À -sensitive dye MQAE (Ferrini et al., 2013; Verkman et al., 1989) Figure 3H ; p > 0.05, two-tailed Student's t test). As it has been previously reported that GABA A R-mediated Cl À influx can contribute to both neuronal swelling in cell culture (Hasbani et al., 1998) and to swelling following oxygen glucose deprivation in situ (Allen et al., 2004) , the contribution of GABA A R Cl À influx to neuronal swelling in our experimental conditions was examined. Consistent with previous reports, pre-application of the GABA A R antagonist picrotoxin slightly but significantly reduced the magnitude of neuronal swelling (from 161.7% to 146.9%; Figure 3F ; p < 0.05, ANOVA); however, the majority of the volume increase persisted in , 20 mM CNQX, 100 mM picrotoxin. Additionally, neurons were pretreated with 100 mM d-APV (NMDAR antagonist) for veratridine experiments and 1 mM TTX (VGSC antagonist) for NMDA experiments to confirm pathways were independent. Scale bars, 20 mm (B) and 15 mm (H). VER, veratridine; x-sectional, cross sectional; VGSC, voltage-gated sodium channel; SR101, sulforhodamine 101. Control values in (J) and (K) are also re-plotted in Figures 3 and 4 . Error bars and shaded region above and below the mean represent SEM. See also Figure S1 , S2, and S3 and Movie S1, S2, and S3. Aberrant calcium influx via NMDARs can lead to mitochondrial depolarization and cell death; however, Cl À removal also reduces ischemia-and glutamate-evoked early neuronal death in cell culture (Choi, 1987; Goldberg and Choi, 1993; Rothman, 1985) , suggesting the existence of two independent pathways ultimately leading to cell death. The impact of the [Na + ] i -triggered Cl À entry and neuronal swelling on cell viability was further investigated using LDH release as a measure of cell death (e.g. Kajta et al., 2005 (Table S1 ). We hypothesized that by identifying and blocking the source of Cl À entry that was triggered by Na + entry, both the Na + -induced neuronal swelling and corresponding cell death could be prevented. As a first step, pharmacological analyses using the imaging assay of swelling of neurons in brain slices were undertaken in order to screen for the possible involvement of different Cl À channels and transporters. In separate experiments the following blockers were tested as described in Table S1 ; NPPB (200 mM) to block the volume-regulated anion channel (VRAC, VSOR), zinc (300 mM) to block CLC-2, Gd 3+ (100 mM) to block the Maxi-anion channel, niflumic acid (NFA) (200 mM) to block the Ca 2+ activated Cl À conductance (CaCC, bestrophin), carbenoxelone (CBX) (100 mM) to block pannexins/connexins, bumetanide (100 mM) to block cation chloride cotransporters (NKCC1 and KCC2), and DIDS (250 mM) to block SLC4 and SLC26 anion exchangers. All antagonists were both bath applied and present in the puffing pipette used to apply either NMDA or veratridine. Of note, of the various Cl ] i increase was still observed in DIDS indicating that Na + entry was not affected ( Figure 4B ). This pattern of block by DIDS but no effect of the numerous other blockers suggested that a member of the SLC4 or SLC26 families of anion exchangers was the most likely source of Cl À entry. Although DIDS also blocks VRAC, which has been implicated in excitotoxic cell death in neuronal cell culture (Inoue and Okada, 2007) , under our conditions we observed no protection of either cell volume or cell death in the presence of the potent VRAC blocker, NPPB. DIDS also blocked NMDA-evoked neuronal swelling in a dose-dependent manner ( Figure 4C ) and was confirmed to block the veratridine-stimulated swelling at 37 C ( Figure S1 ), suggesting a common mechanism.
As it was observed that extracellular Cl À was required for both neuronal swelling and the subsequent cell death and that DIDS prevented neuronal swelling, we predicted that DIDS would block the Cl À dependent cell death pathway without affecting the classic Ca 2+ -dependent death. DIDS was initially tested for its effectiveness in preventing the swelling-induced, Cl À -dependent cell death as measured by LDH efflux in brain slices exposed to veratridine. Indeed, DIDS prevented cell death from veratridine-induced Na + influx and swelling ( Figure 5A ; p < 0.005, ANOVA), whereas the VRAC blocker NPPB had no effect. DIDS was further examined on both the NMDA (I) Neuronal Na + influx via VGSCs causes cell death that is Cl Table S1 ). (B) Positive control shows veratridine and NMDA-induced Na + signal in the presence of DIDS. (C) NMDA-induced neuronal swelling was blocked by DIDS in a dose dependent manner; control (n = 5), 250 mM (n = 4), 500 mM (n = 5), 1 mM (n = 5). All solutions contained blockers: 30 mM Cd 2+ , 20 mM CNQX, 100 mM picrotoxin, plus either 100 mM d-APV for veratridine experiments or 1 mM TTX for NMDA experiments. VER, veratridine. Error bars and shaded region above and below the mean represent SEM.
Cl
À -dependent, Ca 2+ -independent cell death pathway and on the NMDA Ca 2+ -dependent cell death pathway. As predicted, DIDS blocked the cell death caused by NMDA in Ca 2+ free extracellular solution ( Figure 5B ; p < 0.005, ANOVA). If however, NMDA was applied in the presence of extracellular Ca 2+ but reduced extracellular Na + , cell death still occurred ( Figure 5C ; p < 0.005, ANOVA) but was not blocked by DIDS ( Figure 5C ; p > 0.05, ANOVA). These results suggest that two independent cell death pathways co-exist that can be distinguished based on their ionic basis; one that involves swelling, requires Na + and Cl À influx, is Ca 2+ independent, and is blocked by DIDS, and one that is triggered by Ca 2+ influx, but that is not DIDS sensitive. are known to be expressed in the cortex and hippocampus are SLC4A3, SLC4A8, and SLC4A10 (Boron et al., 2009; Romero et al., 2013) . In addition, SLC26A11 was recently shown to be highly expressed in CNS cortical neurons (Rahmati et al., 2013) . SLC26A11 is a member of the sulfate transporter family that in different expression systems has been reported to act variously as a DIDS-sensitive sulfate transporter, a DIDS-sensitive exchanger for Cl (Lee et al., 2012; Rahmati et al., 2013; Vincourt et al., 2003; Xu et al., 2011) . Utilizing qRT-PCR, the expression of SLC4 and SLC26 family members was confirmed in both cortical and hippocampal brain tissue ( Figure S4 ). Based on their combined pharmacological profile and expression profiles, SLC4-A3, -A8, -A10, and SLC26A11 appeared to be the most promising candidates for the Cl À entry pathway that causes neuronal swelling.
Identification of SLC26A11 as the Predominant Cl
We recently reported the development of an efficient LNP-mediated delivery system to introduce siRNAs against specific molecular targets into CNS neurons both in vivo and in vitro . Individual siRNAs targeted against the different SLC candidate genes were encapsulated in DiI labeled LNPs and initially tested for their ability to attenuate expression in both primary neuron cultures and a HEK cell expression system ( Figure S4 . These in vitro-validated siRNA LNPs against the 4 different SLC candidates or a control (luciferase) siRNA were subsequently injected intracranially into the rat somatosensory cortex. After allowing 5-6 days for uptake of LNPs and knockdown of candidate proteins to occur, neurons that had taken up DiI labeled LNPs were examined for Na + -induced Cl À -dependent swelling in cortical slices. Knockdown of SLC4A-3, À8, or À10 either separately or together had no significant effect on the magnitude of veratridine-induced neuronal swelling compared to the control luciferase siRNA injected animals (Figures 6C and 6G and S5; p > 0.05, ANOVA) . In striking contrast, knockdown of SLC26A11 with two siRNAs targeted toward different sequences of SLC26A11 mRNA, significantly reduced the magnitude of the swelling in neurons ( Figures 6D and 6H and Movie S5; p < 0.05, ANOVA was performed comparing results from all siRNA groups (luciferase, A3, A8, A10, A3+A8+A10, A11 No.1 and A11 No.2)). The occurrence of SLC26A11 knockdown was further validated by western blot analysis of SLC26A11 protein in tissue 5 days following injection of SLC26A11 siRNA-LNPs ( Figures 6A and  6B ). These results indicate that the Cl À influx that is required for neuronal swelling is mediated by a SLC26A11-dependent process.
Studies of the properties of recombinant SLC26A11 have shown that, depending upon the cell type in which it is expressed, this protein can act either as a Cl À channel or a SO 4 2À or oxalate transporter that is inhibited by DIDS or the CFTR antagonist GlyH-101 (Alper and Sharma, 2013; Rahmati et al., 2013; Stewart et al., 2011) . We therefore investigated whether GlyH-101 has similar actions on preventing neuronal swelling and the associated cell death and whether there exists a neuronal Cl À current that is sensitive to both DIDS and GlyH-101. Similar to the actions of DIDS, GlyH-101 profoundly inhibited both veratridine-stimulated swelling ( Figure 6E ; p < 0.001, two-tailed Student's t test) and cell death ( Figure 6F ; p < 0.001, ANOVA). The opening of Na + permeable channels causes both [Na + ] i accumulation and neuronal depolarization. The large ($80 mM) increases in [Na + ] i occurred prior to the increases in cell volume (Figure 1) suggesting that there are compensatory mechanisms such as K + efflux that are initially sufficient to maintain osmotic equilibrium. Decreased intracellular K + and progressive accumulation of extracellular K + could also contribute to further depolarization of the membrane. We therefore tested the possibility that SLC26A11 in cortical neurons is required for a DIDS-and GlyH-101-sensitive Cl À channel that is opened by depolarization. Such outwardly rectifying, non-inactivating DIDS-sensitive conductances have previously been described in neurons (Smith et al., 1995) , although their molecular identity remains unknown. Whole-cell voltage clamp recordings were obtained under conditions to reveal voltage-dependent Cl À currents by blocking other known voltage-gated channels with a cocktail of blockers. We targeted layer 4 neurons in cortical slices ( Figure 7A ), the same cell types that were also imaged in the swelling studies described above. Depolarization to À20 mV or greater elicited a non-inactivating Cl À current that was blocked by DIDS and was not present when external [Cl À ] was reduced (Figures 7C-7E ; p < 0.001, ANOVA). In addition, dialysis of neurons with GlyH-101 at concentrations that prevented neuronal swelling were found to also inhibit the voltage-dependent Cl À current and occluded the effect of DIDS (Figures 7D and 7E ; p < 0.001, ANOVA). Finally, recordings were made from neurons transfected with siRNA against either SLC26A11 or luciferase (control) using LNPs visualized with DiI. We found that knockdown of SLC26A11 attenuated the DIDS and GlyH-101-sensitive Cl À current (Figures 7C-7E ; p < 0.001, ANOVA), demonstrating that SLC26A11 protein is a requirement for an outwardly rectifying Cl À current activated in substantially depolarized neurons. (Thompson et al., 1988 (Rahmati et al., 2013; Vincourt et al., 2003; Xu et al., 2011) . The mechanism linking Na + influx and SLC26A11-mediated Cl À influx is most simply explained by membrane depolarization activating SLC26A11 in its Cl À channel mode, thereby leading to a sustained Cl À influx. Our observation that SLC26A11 is required for Cl À channel activity (Rahmati et al., 2013 ) that opens with depolarizations greater than À20 mV suggests that Cl À would be constantly entering the cell as E Cl À in mature neurons is initially set close to À70 mV. During sustained depolarization E Cl À would drift to more depolarized potentials therefore Cl À influx would continue until equilibrium is met or the membrane repolarizes. Interestingly, depolarization of cortical neurons with high K + solution (40 mM) is not sufficient to cause neuronal swelling alone, and only causes swelling when spreading depression occurs, concurrent with depolarizations to approximately 0 mV and substantial extracellular K + accumulation (Zhou et al., 2010; Zhou et al., 2013) . A similar breakdown of ionic gradients occurs during pathological settings of cytotoxic edema, such as ischemia, when activation of voltage-gated and ligand-gated channels leads to massive increases in [Na + ] i , followed by increases in extracellular K + and almost complete depolarization of the neurons (Dreier, 2011; Somjen, 2001) . Several questions arise as to the specific conditions and times that SLC26A11 may modulate local and global Cl À concentrations. Aberrant, Cl À homeostasis is central to several neurological diseases, and it would therefore be interesting to examine whether SLC26A11 expression or localization changes under such conditions. Epileptic seizures are commonly observed in patients following severe traumatic brain injury (TBI) (Annegers et al., 1998; Hung and Chen, 2012; Salazar et al., 1985) . Increased [Cl À ] i leading to a depolarizing shift in E GABA (Cohen et al., 2002; Miles et al., 2012) has been reported to contribute to the generation of seizure activity. If blocking SLC26A11 reduces the increases in Cl À that occur during pathologies that are associated with cytotoxic edema, it may be possible to maintain the direction of hyperpolarizing GABA A R currents and reduce the generation of post-traumatic seizures. In addition to the Cl À loading that occurs during excitotoxic in- (legend continued on next page) thereby decreased expression of KCC2, leading to decreased recovery of excitotoxic Cl À loads (Lee et al., 2011) . In this study the authors were unable to identify the source of Cl À influx, but showed that it was independent of NKCC1. If KCC2-mediated Cl À efflux is indeed compromised following cytotoxic edema, in addition to blocking the influx of Cl À perhaps enhancing extrusion of Cl À (Gagnon et al., 2013) would be additionally beneficial.
DISCUSSION
The identification of SLC26A11 as a significant Cl À entry pathway during pathological swelling triggered after Na + entry suggests new strategies that could be developed toward reducing brain edema. There are numerous different pathways for Na + entry that are activated during conditions such as hypoxia, stroke, and TBI. Our observations that cell death is significantly reduced when overall Cl À entry is prevented suggests that therapeutic strategies to inhibit SLC26A11 dependent Cl À entry may have widespread benefit toward treating these different conditions.
EXPERIMENTAL PROCEDURES Imaging
Live-cell imaging (brain slice) was performed with a two-photon laser-scanning microscope (Zeiss LSM510-Axioskop-2; Zeiss, Oberkochen, Germany) with a 40X-W/1.0 numerical aperture objective lens directly coupled to a Chameleon ultra2 laser (Coherent, Santa Clara, CA). CoroNa, SR101 and DiI were excited at 770 nm, and MQAE was excited at 760 nm. The fluorescence from each fluorophore was split using a dichroic mirror at 560 nm, and the signals were each detected with a dedicated photo multiplier tube after passing through an appropriate emission filter (DiI, SR101: 605 nm, 55 nm band pass; CoroNa, MQAE: 525 nm, 50 nm band pass). Transmitted light was simultaneously collected using understage infrared differential interference contrast optics and an additional photo multiplier tube. FLIM methodology is described in detail in the Extended Experimental Procedures.
Data Collection, Analysis, and Statistics Translational movement was removed using ImageJ software. Fluorescence signals were defined as delta F/F (dF/F) = [((F 1 -B 1 )-(F 0 -B 0 ))/(F 0 -B 0 )], where F 1 and F 0 are fluorescence at a given time and the control period mean, respectively. B 1 and B 0 are the corresponding background fluorescence signals. Swelling of individual neurons in cortical slices was analyzed as (%) increase in cross sectional area relative to a mean baseline period. The cross sectional area of the neuron was calculated using the fluorescence boundary of the neuron soma stained with CoroNa. To estimate the tissue volume from the two-dimensional images of hippocampal slices a line was drawn to measure the diameter and the volume was estimated based on the equation for volume of sphere: (4/3)pr 2 .
Experimental values are the mean ± SEM; baseline equals 100%; n is the number of experiments conducted (Imaging data from R 3 individual cells from each experiment were averaged for each n value so that equal weight was given to each experiment and not affected by the number of cells imaged per experiment). Statistical tests were either a two-tailed Student's t test or an ANOVA with a Neumann-Keuls post hoc test for comparison between multiple groups. p < 0.05 was accepted as statistically significant (*p < 0.05, **p < 0.01, ***p < 0.001).
More detailed methodology can be found in the Extended Experimental Procedures.
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